Abstract Alpha-(1,2)-fucosyltransferase (FUT1) gene has some influence on economically important traits and disease resistance. DNA methylation plays an important role in human diseases but is relatively poorly studied in pigs by regulating the mRNA expression of genes. The aim of this study was to analyze the influence of promoter methylation on the expression of FUT1 gene. We used bisulfite sequencing PCR (BSP) and qPCR to analyze the methylation of the FUT1 5 0 -flanking region and FUT1 mRNA expression in the duodenum of Sutai piglets from newborn to weaning. FUT1 contains three CpG islands upstream of the start codon, of which two are located in the putative promoter region containing multiple promoter elements and transcription factor binding sites, such as CpG islands, a CAAT box, SP1, and EARLY-SEQ 1. The CpG island between nucleotides -1762 and -580 had a low degree of methylation, and its methylation level was significantly lower in 35-day-old piglets than 8-and 18-day-old piglets (P \ 0.05). FUT1 mRNA expression was significantly higher in 35-day-old piglets than 8-and 18-day-old piglets (P \ 0.05). Pearson's correlation analysis showed that the methylation of the CpG island between nucleotides -1762 and -580 of FUT1 was significantly, negatively correlated with FUT1 mRNA expression (P \ 0.05). These results demonstrate that differential methylation of CpG islands negatively regulates the expression of FUT1 in the porcine duodenum, suggesting a probable influence on the resistance of piglets to infection with ETEC F18.
Introduction
Enterotoxigenic Escherichia coli is the pathogen most frequently responsible for diarrhea and edema in newborn and weaned piglets, and has become a major threat in the pig farming industry (Boldin 2008) . Currently, the ETEC strain F18 is one of the most common and most hazardous E. coli pathogens in the pig farming industry (Van den Broeck et al. 2000) . Genetic studies have revealed that the adhesion-mediated adhesion and colonization ability of ETEC F18 bacteria in piglets is dependent upon the presence of appropriate receptors for F18 cohesin in the brush borders on epithelial cells in the piglet intestine; when the F18 strain is bound to these receptors, the toxin produced by the bacteria can induce diarrhea and edema in pigs (Bertschinger and Pohlenz 1983; Imberechts et al. 1996) . Using a candidate gene approach and linkage analysis, Vogeli et al. (1997) discovered that the a-(1,2) fucosyltransferase gene 1 (FUT1) is a candidate gene which can control the adhesion to ETEC F18 receptor. In a study in pigs in Switzerland, Meijerink et al. (1997) reported that the variation of FUT1 gene on M307 locus is correlated with resistance to ETEC F18, and successfully achieved resistance to ETEC F18 by breeding pigs with this marker. FUT1 and its M307 locus are one of the few resistance genes and resistance markers for controlling the expression of the receptor for ETEC F18 to be identified in pigs to date. Studies have shown that porcine FUT1 has some influence on economically important traits and disease resistance (Bao et al. 2012a, b; Zhang et al. 2007 ). Based on this research, we and other Chinese researchers have systematically analyzed the FUT1-coding region in nearly 30 Chinese native pig breeds and foreign pig breeds. The variation of FUT1 gene on M307 locus, which has been used as a genetic marker in foreign breeds, displays an extremely skewed distribution in native Chinese pig breeds compared to foreign breeds (Bao et al. 2008; Yan et al. 2003) , and the presence or absence of the M307 locus does not significantly influence the expression level of FUT1 (Bao et al. 2012a, b) . This makes the development of resistance to ETEC F18 in local Chinese pig breeds difficult and problematic. Therefore, screening for other candidate ETEC F18 resistance genes in local Chinese pig breeds is required, and additionally, the mechanism by which the non-coding regions of the FUT1 gene, especially the promoter region, offer resistance to ETEC F18 urgently requires investigation.
DNA methylation, a critical component of epigenetic control, plays an important role in cell differentiation, embryonic development, gene regulation, genomic imprinting, and X-chromosome inactivation (Reik et al. 2001; Ehrlich 2003; Li 2002; Bird 2002; Li et al. 1993; Heard 2004 ). Sullivan et al. (2012) revealed that hypermethylation of the insulin-like growth factor binding protein 7 (IGFBP7) promoter can lead to gene silencing. Many human diseases, such as coronary artery disease, Alzheimer's disease, and cancer, are closely linked to altered promoter methylation (Kim et al. 2011; Friso et al. 2012; Silva et al. 2008) ; however, reports of the association between diseases and altered promoter methylation in pigs are relatively rare. Kang et al. (2007) suggested that dynamic methylation changes may play an important role in the establishment and maintenance of tissue-specific gene expression in cloned pigs. Xiao et al. (2012) analyzed the promoter methylation status and gene expression levels of the tyrosine protein kinase lyn (LYN) gene and demonstrated that methylation plays an important role in the regulation of porcine LYN gene transcription. Ling et al. (2009) revealed that the methylation status of the porcine adiponectin gene promoter dynamically fluctuates in a manner which correlates with adiponectin gene expression during development.
The promoter, an integral upstream regulatory region of a gene, controls the initiation of gene transcription as well as the gene expression level. The promoter regulates gene expression through a number of mechanisms, including promoter methylation (Juven-Gershon and Kadonaga 2010). Thus, intensive study of promoter methylation is essential to fully understand the mechanisms of gene regulation. As FUT1 is the most important candidate gene for the breeding of porcine ETEC F18 disease resistance, research on the potential methylation modifications which the FUT1 promoter undergoes will provide a new approach for investigating the mechanisms by which FUT1 confers resistance to ETEC F18. Nevertheless, data on the porcine FUT1 5 0 -flanking are absent in the authoritative database (GenBank); therefore, it is difficult to initiate studies on the FUT1 promoter. In a previous study, we cloned the FUT1 promoter sequence (using duodenum DNA of Sutai piglets by Genome Walking) and compared the sequences (see sequence U70883.2 in GenBank) via a high-throughput approach and by Blastn analysis. We retrieved the sequence 2000 bp upstream of the start codon of FUT1. In this study, we investigated the methylation status of the FUT1 5 0 -flanking and explored the influence of FUT1 promoter methylation on the gene expression levels of FUT1 in the duodenum of Sutai piglets from the newborn stage to weaning (8, 18, and 35 days old) . This study provides a foundation for further studies of the mechanisms regulating porcine FUT1 expression.
Materials and methods

Experimental reagents
The EpiTect Bisulfite Kit was purchased from Qiagen (Valencia, CA, USA), TRIzol reagent from Invitrogen (Carlsbad, CA, USA), and Taq DNA polymerase, dNTPs, PCR purification kit, Plasmid DNA Extract kit, Competent Escherichia coli cell, pMD18-T vector, and SYBR Green Real-time PCR Mix from TaKaRa (Dalian, China). All the other chemicals were of analytical reagent grade.
Bioinformatic analysis and primer design
Analysis and identification of the CpG islands, transcription initiation site, and putative promoter region in the 5 0 -flanking of FUT1 were performed using the online tools MethPrimer (http://www.urogene.org/methprimer/index1. html), NNPP (http://www.fruitfly.org/seq_tools/promoter. html), PROMOTER 2.0 (http://www.cbs.dtu.dk/services/ Promoter), FirstEF (http://rulai.cshl.org/tools/FirstEF/), and TFSEARCH (http://www.cbrc.jp/research/db/ TFSEARCH.html). Based on this analysis and the location of the predicted CpG islands, bisulfite-sequencing PCR (BSP) primers were designed using Methyl Primer Express 1 software (Table 1 ). All primers were synthesized by Sangon (Shanghai, China).
Experimental animal
Sutai pig is a new breed of high-quality lean-meat-type pig bred by Sutai pig breeding center in Suzhou city. It is a breed developed from a Duroc (50%) 9 Meishan (50%) cross after 15 years of practice. In 1999, it was approved by National Committee of Livestock and Poultry Species for a new variety. All the pigs (Sutai pigs, 8, 18, and 35 days old, n = 5 each) included in the experiment were healthy and were, respectively, selected from five different families, with same feeding condition, similar birth weights, weaning weights, and body sizes. The pigs were purchased from Suzhou Sutai Pig Breeding Center (Suzhou, China) and all experiments were conducted at the Animal Hospital of Yangzhou University according to the regulation for the Administration of Affairs Concerning Experimental Animals (Ministry of Science and Technology, China, revised in June 2012) and approved by the experimental animal using permit with Permit No. SYXK (Su) 2012-0029.
Real-time PCR analysis
RNA was isolated from the duodenal tissues of the Sutai pigs using TRIzol reagent, according to the manufacturer's instructions. Single-stranded cDNA was generated using the PrimeScript RT-PCR Kit following the manufacturer's directions. Real-time quantitative PCR was performed using an ABI Prism 7500 sequence-detection system (Applied Biosystems, Foster City, CA, USA) with SYBR Green PCR Master Mix, according to the manufacturer's instructions. The primer sequences for FUT1 were: F, 5
0 -TTTTAAGCCCCCAAACTGCC-3 0 and R, 5 0 -TAAAT CGACCCCATCAGCCTC-3 0 . The GAPDH primers used as internal control and thermocycler conditions are described in our previous study (Bao et al. 2012a, b) , the expression of FUT1 in each sample was normalized to GAPDH. Triplicate PCR amplifications were performed for each sample. The fold change in relative gene expression was calculated using the standard 2 -DDCt method (Livak and Schmittgen 2001) .
Promoter methylation analysis
Genomic DNA was extracted from porcine duodenal tissues by standard phenol/chloroform extraction and subjected to bisulfite conversion using the EpiTect Bisulfite Kit, according to the manufacturer's instructions. Touchdown PCR was used to amplify the bisulfite-treated DNA (BST-DNA). The 50-lL reactions included 3.0 lL of DNA template, 3 lL of 10 9 PCR buffer, 2 lL of Mg 2?
(25 mmol), 1 lL of forward primer (10 lM), 1 lL of reverse primer (10 lM), 1 lL of dNTPs (10 mmol), 0.8 lL of Taq polymerase (5 U/lL) and 38.2 lL of water. The following reaction conditions were used: 98°C for 4 min, then 20 cycles of 94°C for 45 s, 66°C for 45 s (which reduced by 0.5°C each cycle), and 72°C for 1 min; 20 cycles of 94°C for 45 s, 56°C for 45 s and 72°C for 1 min, and a final extension at 72°C for 10 min. The PCR products were subjected to electrophoresis on agarose gels, excised, purified, and inserted into the pMD18-T vector. The recombinant clones were used to transform E.coli TB1 cells. The positive recombinant clones were selected on LB agar plates containing 100 lg/mL ampicillin and confirmed by PCR and DNA sequencing (five positive recombinant clones were selected from each individual). The methylation rate was calculated as the number of CpG methylated loci/number of CpG loci.
Results
Analysis of the CpG islands, promoter elements, and transcription factor binding sites in the 5 0 -flanking of porcine FUT1 Analysis of the FUT1 gene 5 0 -flanking region (2000 bp upstream of the initiation codon) revealed that porcine FUT1 has an intron-cut 5 0 -flanking and FUT1 contains only one intron (Fig. 1) . CpG islands in the porcine FUT1 5 0 -flanking were identified using the online software MethPromoter and Methyl Promoter Express software. The FUT1 5 0 -flanking contains three CpG islands: CpG island 1 is located between nucleotides -1779 and -886 with a length of 894 bp, CpG island 2 is located between nucleotides -796 and -619 with a length of 178 bp, and CpG island 3 is located between nucleotides -316 and -130 with a length of 187 bp. CpG islands 1 and 2 are located within the putative promoter region and CpG island 3 is located within intron 1 (Fig. 1) . Online analysis using the tools NNPP, PROMOTER 2.0, FirstEF, and TFSEARCH showed that the putative FUT1 promoter region contains multiple promoter element characteristics and transcription factor binding sites, including CpG islands, a CAAT box, EARLY-SEQ 1, T-Ag, PuF, and SP1 (Fig. 2) . In this core promoter region, the CpG island sequence was in the box and the nonCpG island sequence was in other area. All CG sites were highlighted with a yellow background and all methylated C sites were highlighted in bold red font. The underline represents a possible transcription factor binding site
Analysis of the methylation status of the putative promoter region of porcine FUT1
Five primer pairs were designed to examine the levels of methylation in the FUT1 5 0 -flanking (Fig. 1) . The products produced by each primer pair from the amplification of cDNA extracted from the pig duodenum were examined by 1% agarose gel electrophoresis. The size of the amplified fragments corresponded with the expected product sizes for each primer pair and each primer pair amplified a single specific product which could be directly cloned and sequenced ( Supplementary Fig. 1) .
The methylation status of the putative FUT1 promoter region was examined in the duodenum of piglets of three different ages. As shown in Fig. 3 and Table 2 , CpG methylation sites were ubiquitously present in the porcine putative FUT1 promoter region. The non-CpG island (from -2174 to -1762) was highly methylated, with an average methylation rate of 74.81%. The methylation status of the non-CpG island in the putative FUT1 promoter region was not significantly different among the three ages of piglets tested. The CpG island in the putative FUT1 promoter region (from -1762 to -580) had a low degree of methylation, with an average methylation rate of 3.82%. Although the degree of methylation of the CpG island in the putative FUT1 promoter region was low, its methylation status varied with the age of the piglets: the degree of methylation in the duodenum of 8-day-old piglets was 4.1%, which increased slightly (4.79%) but non-significantly compared to 18-day-old piglets. The degree of methylation drastically reduced in 35-day-old piglets (2.56%) and was significantly lower than that in 18-day-old and 8-day-old piglets (P \ 0.05).
Correlation between the methylation status of the putative promoter region and the expression levels of porcine FUT1
Quantitative real-time PCR was used to measure the expression of FUT1 in the duodenum of piglets at three decreased between 8-day-old and 18-day-old and then increased to the highest levels in 35-day-old piglets (P \ 0.05; Table 2 ). Pearson's correlation analysis indicated that the methylation status of the CpG island in the putative promoter region significantly, negatively correlated with the expression level of FUT1 in the duodenum as the piglets aged (Pearson's correlation coefficient is -0.999, P \ 0.05). There was no significant correlation between the methylation status of the non-CpG island in the putative promoter region and the expression of FUT1 in the porcine duodenum (Pearson's correlation coefficient is 0.545, P [ 0.05).
Discussion
FUT1 controls the expression of ETEC F18 and is one of the few candidate anti-diarrhea genes to have been identified in piglets (Vogeli et al. 1997; Meijerink et al. 1997 ).
Many studies have studied the coding region of porcine FUT1; however, few studies have focused on the FUT1 5 0 -flanking region or promoter region due to an absence of sequence data on this region in authoritative databases. In a previous study, we retrieved the sequence of the region 2000 bp upstream of the FUT1 start codon using gene walking and high-throughput comparison (see sequence U70883.2 in GenBank), which provided a basis for further experiments. Promoter regions can be divided into CpG islands and non-CpG islands according to their CpG content. In this study, we first analyzed the 5 0 -flanking of FUT1 and found that the putative promoter region contains one non-CpG island (-2174 to -1762) and one CpG island (-1762 to -580). Suzuki and Bird (2008) reported that the highly dynamic process of promoter methylation is an important regulation mechanism for normal developmental processes. Such dynamic methylation processes are particularly evident during embryonic development (Santos et al. 2002) and methylation plays a key role in the reprogramming of the genome in the early mammalian embryo (Thurston et al. 2007; Haaf 2006) . In the present study, we observed that the methylation status of the putative promoter region of FUT1 altered dynamically as the piglets aged, with a large difference between the non-CpG island and CpG island. From the newborn stage to the weaning period in piglets, the non-CpG island remained highly methylated and its methylation status did not change significantly. The methylation status of the non-CpG island did not significantly correlate with the FUT1 expression level in the duodenum. This indicates that although the non-CpG island has a high degree of methylation, its methylation status does not significantly affect FUT1 expression. The CpG islands in the putative FUT1 promoter region had a low degree of methylation and its degree of methylation varied remarkably as the piglets aged; the degree of methylation in 35-day-old piglets was significantly lower than 8-and 18-day-old piglets. Real-time PCR demonstrated that the FUT1 expression level was significantly higher in 35-dayold piglets than 8-and 18-day-old piglets and the degree of methylation in the CpG islands was significantly, negatively correlated with the FUT1 mRNA expression level. This indicates that methylation of the CpG island in the putative FUT1 promoter region negatively regulates FUT1 gene expression.
Pigs of different ages usually display different degrees of sensitivity to disease, for example, newborn piglets are vulnerable to infection with E. coli strain K88, whereas 35-day-old piglets are susceptible to infection with ETEC F18 (Jones and Rutter 1972; Verdonck et al. 2002) . In the present study, we observed that expression level of FUT1 was significantly higher in the duodenum of 35-day-old piglets than 8-day-old piglets, suggesting that the FUT1 expression level is associated with the susceptibility to infection by ETEC F18. Our preliminary studies and other studies suggest that the FUT1 expression level directly influences the sensitivity of piglets to ETEC F18 Bao et al. 2012a, b) ; these findings suggest that methylation of the CpG island in the putative FUT1 promoter region may affect the resistance of piglets to ETEC F18. Besides, we found that methylation of CpG in FUT1-2 was a little different in 8 days, 18 days, and 35 days, which suggests that specific CpG sites may contribute more than others to regulate FUT1 mRNA expression. However, we found that these methylated CG sites were not located in the transcription factor binding sites of the core promoter region of FUT1 gene, so how they regulated the expression of FUT1 gene needed further studies.
In a previous study, we preliminarily explored the mechanisms regulating FUT1 expression and analyzed the expression level of the FUT1 M307 locus in different genotypes of Sutai pigs. The results showed that the mutation of the M307 locus (G/A) does not have a significant influence on the expression of FUT1 (Bao et al. 2012a, b) . The results of this study further suggest that the regulatory mechanism controlling the response to ETEC F18 may possibly involve altered methylation of the CpG islands in the putative FUT1 promoter region.
There are two mechanisms by which promoter methylation affects gene regulation. First, the methylation of essential cis-acting elements in the promoter region influences the binding of transcription factors (Kass et al. 1997 ). Second, co-suppression factor complexes, including histone deacetylase, are recruited by the methylated cis-acting elements via methyl-CpG-binding proteins, which inhibit transcription (Nan et al. 1998; Magnaghi-Jaulin et al. 1998) . Our bioinformatic analysis indicates that the putative FUT1 promoter region contains a number of transcription factor binding sites, such as EARLY-SEQ 1, PuF, and SP1-binding sites, within the CpG islands. SP1 is a key transcription factor required for mRNA transcription, and SP1-binding sites contain a CpG site (Holler et al. 1988 ). Methylation of CpG sites can directly influence the ability of SP1 to bind DNA and influence gene expression; likewise, EARLY-SEQ 1 also contains a CpG site. Methylation of the CpG sites within these transcription factor binding sites is likely to directly influence the expression of FUT1. Gonzalgo et al. (1998) reported that a certain ratio of CpG island methylation ([60%) can be sufficient to inhibit gene expression, whereas a lower ratio of methylation reduces the transcription and expression of genes. Thus, it is not necessary for all CpG sites to be methylated to inhibit gene expression; rather a regulatory effect can be achieved by controlling the degree of methylation in the binding sites of several transcription factors.
This study has a number of limitations. The methylation status of FUT1 should be examined in porcine tissues other than the duodenum, and larger numbers of samples should be tested to confirm the relationship between CpG island methylation and FUT1 expression. Further intensive analysis of the upstream control elements in the putative FUT1 promoter region is required to identify the key methylation sites which regulate FUT1 expression.
Conclusions
In the piglet duodenum, the low levels of methylation of the CpG island in the putative FUT1 promoter region significantly, negatively correlate with FUT1 expression as the piglets age. Methylation of the CpG island in the putative FUT1 promoter region may possibly play a role in regulating the resistance of pigs to ETEC F18.
